We report the first measurements and associated theory for angular correlations of sequential cascading photons for an atomic system in which a scattering plane is defined. The cascade radiation from the n = 3 levels of atomic hydrogen excited by 290 eV electrons is observed. The first determinations of a rank-4 multipole and of the magnetic sublevels of the 3d state have been made. The measured angular correlations and the deduced multipole moments have order-of-magnitude agreement with Glauber, Born, and six-state close-coupling model predictions.
The study of the angular distributions from the emitted particles (alpha, beta, and gamma rays) from nuclei, and of the angular and polarization correlations of two or more particles, has given much information on the fundamental laws of physics under parity, chargeconjugation, and time-reversal operations as well as on nuclear and crystal structures and scattering phenomena [1, 2] . Specific information, includes nuclear moments and spins, parities of nuclear states, partial waves of alpha particles, multipole orders in gamma transitions, mixing ratios of matrix elements to test nuclear models, and lifetimes of excited states. However, relatively few of these approaches have been applied in atomic physics. This Letter indicates new possibilities of extending the study of photon-photon correlations to atoms.
The study of photon-photon correlations in atomic physics has developed in difI'erent directions mainly because of the predominance of dipole radiation, relative excitation probabilities, and technological limitations. All work has been limited to sequential cascading dipole photon-photon, angular, or polarization correlations and to three main areas. The first is the continuing study of experimental tests of hidden-variable theories of quantum mechanics using directional [3] and polarization [4] correlations, the perturbation of a polarization correlation due to an external magnetic field [5] , and polarization correlations using time-varying polarizers [6] . The second concerns the nature of the two-photon decay of the 2S state of He+ [7] and of the 2S state of atomic hydrogen [8] . The third concerns the determination of the lifetimes, g values, and branching ratios [9] and absolute quantum efficiencies of photon detectors [10] . However, our interest is primarily the determination of the amplitudes and their phases for the excitation of the n = 3 states of atomic hydrogen and the phenomenology of the scattering process. The study of the photonphoton correlations is a first step in that direction and this Letter shows that new information on a rank-4 multipole and n = 3 magnetic sublevel excitation cross sections can be obtained.
The fundamentals of photon-photon directional and polarization correlations appear to have been initiated in 1940 by Hamilton [ll] who treated gamma-ray correlation using time-dependent perturbation theory. That work was later extended to successive radiations of arbitrary multipole moments [12] , to triple gamma decay in which the first gamma provides a quantization axis [13] , and to a p-p-p measurement [14] using oriented~C with the incident proton direction specifying a quantization axis for the subsequent gamma-gamma decay. Several reviews [2, 13] indicate other fundamental ideas developed in these correlation studies. The theoretical techniques were developed mainly by Wigner and Racah and were of sufIicient generality that they were applied to elementaryparticle physics, nuclear structure, and many-body nuclear physics.
An earlier theory of photon-photon correlations for electric dipole transitions for both emission and resonance Huorescence [3] , similar to that for angular correlations of nuclear emissions referenced above, described the excited state with no preferred axis of quantization and predicted that the angular correlation is a function of the angle between the two decay photons. In our case the excited state is produced by electron impact and the incident beam direction, the Z axis, provides a quantization axis and a scattering plane is defined once the first photon is detected. It is this feature which enables the new information to be deduced from the measurements. When the sequential cascade photon is detected the measured coincidence intensity will in general depend on three angles, the angle of the first photon with respect to the Z axis and the direction of the second photon with 1 MARcH 1993 respect to the scattering plane which requires a further two angles, an azimuthal angle as well as the angle with respect to the quantization axis. In the experiment reported here the second photon detector is placed in the scattering plane so the azimuthal angle is set to zero.
A general expression for the density matrix elements of the electron-photon-photon triple coincidence measurement in atomic hydrogen was given by Heck and Gauntlett [15] . In order to apply their result to the current measurement we integrate over all scattered electron directions and the scattered electron remains undetected and summed over the helicities of the first photon. Because the time dependence of the correlations is not studied, we further integrate over the time dependence of the two emitted photons as discussed in Ref. [15] . A simplification in the formula is obtained by noting that the scattering from the n = 3s and 3d states is predominantly incoherent [16] with a ratio of decay constants to energy splitting pI, J/Aul. d I,~( 10 when L' g L and J' g J. Adding the density matrix elements for both helicities one finds after a lengthy calculation that for the coplanar geometry of the measurement, the photonphoton count rate is
Ps(cos(8 -P)) ere o. 3g~i s the total cross section for exciting the 3d magnetic sublevel m. The apparatus has been described in detail previously [17] Three models which have been widely used at higher energies are compared with the experimental results.
They are shown in Table I . The theoretical fits to the data shown in Fig. 1 were obtained by using the state multipoles given in Table I and performing a least squares regression analysis to the data using Eq. (1) and the NAG routine G02CBF [19] . The Glauber model gives the best fit, followed by the Born, and then the six-state close-coupling model. None of the models gives as large a P dependence as indicated by the data in the figure.
This is consistent with the somewhat larger experimental value for the T(22)2+o state multipole as its coefficient has the major P dependence. Surprisingly, the six-state close-coupling model is worse than the two simpler theories. The coupling between the 3d, 3p, and 2p levels is significant and changes the population of the magnetic sublevels from the Born values. Extrapolating this observation it can be expected that coupling to the n = 4 levels through the dipole terms will significantly alter the six-state results for the 3d populations and bring them into better agreement with the data. Summarizing, the present study has determined for the first time a rank-4 multipole and the magnetic sublevel cross sections for a d state of an atom. Only spherical components of the rank-2 and -4 state multipoles could be determined because of the symmetry defined by the detectors. The present measurements clearly show the feasibility of such determinations and there is no reason that the method of sequential (or indeed nonsequential) cascading photon-photon angular correlations cannot be applied to higher levels. The next step is to measure triple coincidences between the two cascading photons and the scattered energy-loss electron which will establish a lower symmetry and determine the odd-rank tensors and the nonspherical components.
There are two other features revealed by the measurements. First, the magnetic sublevel cross sections were determined without using linear or circular polarizers and so the difficulties of determining both the handedness and the actual retardance of the circular polarizer are avoided. Second, the way is open for the use of an external field to mix even and odd parity states as in the work of Heck and Williams [21] . For photon-photon coincidences there is the considerable simplification that the angle of scattering of the energy-loss electron does not have to be determined in the presence of the field. The interferences of the even and odd parity states can then be explored for n & 3 states.
